The DC and AC conductivity of composites with epoxy resin and nickel particles was investigated for various content of nickel powder from ambient to 120 o C. AC conductivity was measured in the frequency range 10 Hz to 13 MHz. An enhancement of conductivity was evidenced increasing conductive filler content and temperature. AC conductivity was found to be frequency dependent beyond a critical frequency w c . The activation energy of the temperature shift of w c was compared to the activation energy of DC conductivity.
INTRODUCTION
The electrical conductance of a polymeric matrix can be greatly enhanced by the addition of conductive inclusions. Fillers used for the realisation of conductive composites are, carbon black, metal oxides and metal powders in various forms (grains, flakes or fibres) and sizes (from the nm to the mm region ) [1] . The resulting composite materials have been proved useful in a variety of applications [2] [3] [4] .
The conductive particles affect the electrical insulation property of the matrix to an extent controlled mainly by the filler content. Such composites are considered mixtures of a discretephase of conducting medium, dispersed randomly in a dielectric matrix. Their conductive behaviour is governed by the laws of percolation theory and a critical volume fraction of the filler is necessary for the onset of electrical conductivity [5] . They are disordered systems with fractal nature where the conductor sites are either isolated or form small clusters of nearest neighbour-sites. At low concentration values of the conductor sites the system is an insulator but at large concentration values, many conduction paths exist where the electrical current can flow and the mixture is performing as a conductor. At some concentration in between, there exists a threshold or critical concentration where electrical current can percolate through the system. The value of critical concentration in the case of a statistical mixture can vary over wide limits [6, 7] , because electrical conductivity in these composites is related, besides the volume fraction of the conductive filler, to other factors such as size and shape of particles, adhesion between the host phase and the matrix, the method of processing and possible interactions between the conductive and non conductive phase.
In this work particulate composites prepared by dispersing nickel particles in an epoxy resin are studied. The AC and DC conductivity of the composites is measured for various concentrations of the metal powders. Data in the temperature range 50-120 o C are analysed in terms of the frequency of the applied field, the conductive filler content and temperature.
The conductivity of these disordered conductorinsulator composites is strongly frequency dependent [8, 9] . Several approaches based on effective medium theory [10, 11] or hopping transport [12] lead to similar results. They predict the frequency dependence of the conductivity to be s~w s with the exponent having a value close to unity but temperature dependent increasing with decreasing temperature [10] .
EXPERIMENTAL
A commercially available bisphenol-type epoxy resin (D.E.R. 321, Dow Chemicals) was used as a prepolymer with epoxy equivalent 182-192 and viscosity 5-7 P at 25 o C. As curing agent a cycloaliphatic amine (Chemmammine CA7 Henkel) at 30 phr was employed. While the above system was still in the liquid phase, various amounts of metal powder were added for the production of the composite samples. A detailed description can be found elsewhere [13] . Nickel in the form of powder, from Merck, was used as received without surface modification. Grain sizes for the metal powder were between 10 to 15 mm. 
RESULTS
The DC conductivity of the composites versus temperature is shown in Fig.1 . The composites acquire higher conductivity as temperature is elevated. Higher conductive filler content leads also to higher conductivity and this is also apparent in Fig. 2 where the DC conductivity is represented as a function of concentration of the conductive phase in the composite for various temperatures. At the critical or threshold concentration the conductivity increases abruptly, but the increase of temperature lowers the value of critical concentration.
The AC conductivity of the composites for two values of filler content, namely 10 phr and 70 phr in Nickel particles, at the temperature of 50 o C and 120 o C, is shown in Fig.3 . A frequency dependence of conductivity is evident together with the temperature dependence. To investigate this dependence two more figures are shown (Fig. 4 and Fig. 5 increases with frequency.
DISCUSSION
Higher Ni content increases the conductor sites in the composite, more conduction paths are created, through which current can percolate, and conductivity increases (Fig.1) . Information on the conductor insulator transition (Fig.2) comes from the relation of the percolation theory ó ~ ( P-P c ) á , where ó is the electrical conductivity of the composite material, P is the filler concentration by volume, P c the threshold value and á the critical exponent [14, 15] . This relation can be written in the form ó = â (P-P c ) á . The coefficient â and the critical exponent á can be calculated theoretically or by computer simulations in ideal systems, for the discrete-percolation case or the continuous percolation which resembles better to the real disordered systems.
To explain the behaviour of the composites in this work, the above relation can be written as ó= â (P-P c ) á + ã , which at P=P c gives ó = ã c the conductivity of the system at the critical concentration. Values of á, â, ã can be found by a computer method [16] and in the case of nickel composites of this work, in ambient, á = 4.703, â = 2.7x10
S.m -1 and P c = 18.5% (fig.2) . The values of exponent á and of the critical concentration P c are similar to those found theoretically for three dimensional continuous percolation [17] . As temperature is elevated, thermal expansion of nickel causes a closer proximity among nickel particles and conduction is facilitated (Fig. 1,2 ). AC conductivity of the composites shown in Exponent A is close to unity in all cases and decreases as temperature increases [18] . Critical frequency ù c shifts to higher frequencies with increasing temperature. It is also higher in composites with greater Ni content. This behaviour is shown by a conducting network if barriers are randomly distributed, so that its AC properties are consistent with a resistor-capacitor network model [11] . From the temperature shift of ù c , since ù c ~ exp (-eV/kÔ), the barrier height can be calculated for the composites of this work. A value of 1.05 eV for the barrier height and an activation energy of 1.125 eV were found, both independent of the Ni content in the compos-ORJI ORJ s
ites. The activation energy of the DC conductivity for the same temperature range is found to depend on the Ni content and has a value of 1.347 eV for the composite with 10 phr in nickel particles and 0.982 eV for the composite with 70 phr. This behaviour is expected as electron hopping or tunneling is the main cause of conductivity and is facilitated by either the temperature or the greater number of conductor sites.
CONCLUSIONS
Composites in the form of bulk samples were prepared from epoxy resin and Ni powder. The DC and AC conductivity of the composites was found as a function of nickel content, temperature and frequency.
It was found that AC conductivity is frequency dependent, follows the relation ó~ù Á beyond a critical frequency, with the exponent A close to unity, increasing with decreasing temperature. The barrier height of the temperature shift of ù c and the activation energies of AC, DC conductivity were calculated. All AC properties are consistent with the model of a resistor-capacitor network.
